Abstract-Wind parks and their impact on electrical power systems have become an important area for analysis over the last decade. Particularly, the influence of wind turbines on power quality of electrical power systems is today a subject of study for several electrical and wind turbine manufacturing companies, standards committees, and universities.
I. INTRODUCTION

W
IND parks can affect an electrical power system in several ways: in its steady-state and dynamic security levels and in power quality. Steady-state security is concerned with wind power injected and line capacities of the electrical power system. For this analysis, probabilistic models of average wind speed and a load flow program are necessary [1] . For dynamic studies, dynamic models are needed. Power quality is related to high frequency fluctuations in wind power (units of Hertz) [2] , [3] , and, consequently, more complete wind models and dynamic simulations are used.
In general, several phenomena at different frequencies can be observed in the wind [4] . Yearly, monthly, and daily frequencies have traditionally been described in the spectrum of wind speed. This information is handled by probabilistic models [4] , [5] . Other phenomena are known to be present in wind speed, such as turbulence, generally considered as normally distributed [6] . Turbulence can be responsible for an important amount of flicker emissions in a wind park.
The mechanical power of wind turbines has a similar spectrum to the wind speed. However, other mechanical power fluctuations take place in wind turbines. These fluctuations depend on the blade position and they are known as tower shadow Manuscript received October 7, 2002 . This work was supported in part by the Ministerio de Educación y Cultura under Contract PB98-1096-C02-01 and in part byXunta de Galicia under Contract PGIDT00PXI32102PN.
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Digital Object Identifier 10.1109/TPWRS.2003.811201 and wind shear phenomena [3] . Several authors assume, based on measurements, that mechanical power fluctuations due to wind turbine rotational phenomena, can be simulated by a periodic (quasisinusoidal) function with the frequency of the blades passing in front of the tower (1-2 Hz) and a magnitude of approximately 10-20% of the average value [3] , [7] . As these mechanical power fluctuations influence the modulus of voltage variations, power quality problems can be caused (flicker phenomenon). This paper deals with modeling mechanical power fluctuations caused by wind turbine rotation in an asynchronous wind park. It is not the purpose of the paper to deal with the impact caused by turbulence, although it can affect power quality as mentioned before.
A single model for the complete wind park is used. To obtain this model it is necessary to aggregate the asynchronous generators in the wind park. Some authors obtain the aggregated model from the induction machine parameters [8] , [9] , [11] , [12] . In this paper, the linear dynamic equations have been used for the same purpose [10] .
The original aggregated model is used to define a probabilistic model, which is realistic, practical and easy. The model is used for assessing the fluctuations of electrical and mechanical variables, and flicker [2] .
II. DYNAMIC MODEL OF AN INDUCTION WIND GENERATOR
The induction generator can be modeled as a Thevenin equivalent voltage source behind the impedance , as can be seen in Fig. 1 [13] . This dynamic model is defined by considering balanced work and neglecting the electromagnetic dynamic effects of the stator, and it is known as the third order induction machine model.
The parameters of the machine and definition of variables can be seen in Appendix II.
The value of can be calculated by integrating the following equation: (4) where
• represents the wind power with low frequencies, and it is obtained from the mean value of the wind, defined by a Weibull or a Rayleigh distribution [1] , [14] . In this paper the component of mechanical power is assumed to be constant; • is the power fluctuation caused by tower shadow and wind shear effects, and rotational sampling, with a frequency of about 1-2 Hz. Some measurements [7] taken in the stator of a wind turbine, together with the results presented by other authors [22] , show that the main frequency related to power oscillation is that called 3P, which is three times the rotational speed and it is caused by tower shadow. Other frequencies can appear in the spectrum, specially the 1P component related to rotor unbalance [21] , [23] . Nevertheless, the impact of the 3P component on flicker is higher than that of the 1P component due to its frequency range [24] . According to this, mechanical power fluctuations can be expressed as (5) where • is the amplitude of mechanical sinusoidal fluctuations;
• is the mechanical angle of the turbine and is defined as (6) where • is the initial mechanical angle; • is the initial slip of the induction generator; • is the synchronous speed of tower shadow effect in rad/s, where the synchronous speed of the turbine is ; • is the synchronous speed of the induction generator ( in Europe) in rad/s; • is the gear box ratio;
• is the number of poles.
The electrical power, , is calculated as (7)
III. LINEAR DYNAMIC MODEL OF AN INDUCTION GENERATOR
The linear dynamic model is based on the following considerations: i) The induction generator has an initial steady-state situation -operating point-defined by ( , , , , , ), and ii) The small changes in (1), (3), (6) and (7) are , , , and .
So, the linear dynamic model, taking into account (1)- (3), (5)- (7), can be calculated by integrating the following equations: • , and are, respectively, constant real matrices and a vector that are defined using parameters and initial values for wind turbines; • is the vector of unknown variables; • is the vector of voltage in the bus generators, and its value is related to the network; • is the input variable (excitation source) and it represents the mechanical fluctuations of wind power. 
IV. AGGREGATED LINEAR DYNAMIC MODEL OF A WIND PARK
Applying the linear dynamic model (13) to a wind park with wind turbines (Fig. 2) , the following equations can be written: (14) where the subindex " " is used to refer to each WEC in the wind park.
If all wind turbines have identical parameters and initial steady-state situations, the result is: , , and , where , and are, respectively, the matrices and vector defined for one wind turbine, in the same way as (12) and (13) . Consequently, for a wind park identified by the subindex , an equivalent linear dynamic system, shown in Fig. 3 The probabilistic model of mechanical power fluctuations in a wind park is based on the following hypotheses:
i) The mechanical power fluctuations are produced by turbine rotation, and they have higher frequencies (1-2 Hz) than other wind power fluctuations (0.001-0.1 Hz). ii) During the analysis of the mechanical power fluctuations (high frequency), the mean values of wind turbine variables are constant. This is equivalent to assuming operating point values for wind turbine variables for high frequency studies; and the operating point values can be changed in the low frequencies interval. iii) The initial mechanical angles , in (22) , have constant values in the interval of mechanical power fluctuations (high frequency), and they change significantly with wind power fluctuations (low frequencies). The possible synchronization, assumed by several authors [14] - [17] is not considered because it has a very large time constant (a thousand seconds). iv) The initial values of the variables are assumed to have a Uniform distribution function between 0 to v) All wind turbines have similar parameters, connection lines to network and operating point values. However, the model can be applied to a set of wind turbines If the variable is assumed as a statistical variable from uniform distribution, the circular functions and have statistical distribution functions with zero mean and standard deviation (see Appendix III).
On the other hand, assuming similar values for all and taking into account the central limit theorem, the terms and in (22) [18] . Applying the approximated equations for statistical distribution [19] , the result is and, consequently, the expectation and standard deviation for a probability of 0.64 are (see Appendix III) (37) (38)
The density and distribution functions of the variable , normalization of , with identical values , are shown in Appendix IV. In this case, the expectation and standard deviation are (39) (40)
In conclusion, the aggregate dynamic system of an asynchronous wind park, with similar wind turbines, connection lines, and mean steady-state situations, can be modeled by an equivalent system, shown in Fig. 3 . The mechanical power fluctuations of the aggregate system, taking into account (22) , is defined probabilistically as On the other hand, considering the properties of the flicker severity for short time, [20] , [24] , the flicker produced by an asynchronous wind park with similar machines can be defined as (see Fig. 6 ) (45) where is the flicker produced by one wind turbine.
VI. CONCLUSIONS
The aggregated model of a wind park obtained in this paper makes it possible to analyze and simulate mechanical power fluctuations, although the linear dynamic model can be used with other electrical or parametric perturbations.
From the aggregated system, a probabilistic model of wind parks was defined, where mechanical power fluctuations are present. The probabilistic model allows us to establish the probabilistic expression for mechanical power, voltage and current fluctuations. In addition, relations between voltage perturbations caused by a wind turbine and those caused by the wind park were established. Table I , the results of Monte Carlo simulation, with 5000 experiments and 100 wind turbines, are shown.
APPENDIX IV NONAGGREGATED MODEL EQUATIONS
In this Appendix IV, a comparison between the nonaggregated model and the aggregated model is shown. Equations for the nonaggregated model are obtained by applying the nodal analysis in the system shown in Fig. 2 
